T he last deglaciation was the final stage in the most recent of the B100,000-year cycles of global ice sheet growth and decay. Palaeoclimate records [1] [2] [3] [4] [5] [6] [7] and modelling studies [8] [9] [10] [11] have led to an emerging hypothesis for glacial terminations whereby rapid reorganization of the ocean and atmospheric circulation serves to link millennial-scale cooling in the North Atlantic with deglacial global warming. A key part of the proposed climatic chain of events 5 involves southward displacement of the global monsoon system and Southern Hemisphere westerly wind belt in response to Northern Hemisphere cooling, which in turn drives upwelling and CO 2 ventilation from the Southern Ocean, and thus deglacial warming. Under this scenario, protracted North Atlantic cooling and strong southward displacement of the global monsoon during Heinrich Stadial 1 (HS1, B18-15 kyr BP, thousand years before 1950 AD) may have been pivotal in driving the last deglaciation. Consistent with this hypothesis, terrestrial palaeoclimate records show that substantial weakening of the southeast Asian monsoon during HS1 (refs 12-15) was accompanied by anti-phased strengthening of the South American monsoon 16, 17 , but weakening of the summer monsoon in southern Africa 18 .
The Australasian monsoon system, with the Indo-Pacific warm pool, could have played a key role in deglacial warming because deep atmospheric convection above this large maritime region is a fundamental driver of Earth's atmospheric circulation. However, marine and terrestrial records of the climatic footprint of HS1 in the Southern Hemisphere sector of the Australasian monsoon are still sparse, and not entirely consistent [19] [20] [21] [22] [23] [24] . Marine records of riverine input to the Flores Sea 23 and offshore of southern Papua New Guinea 22 indicate increased runoff during Northern Hemisphere cold intervals such as HS1. Terrestrial evidence for increased rainfall during HS1 is also found in lake records and a speleothem record for northern Australia 20, 24 . However, deep-sea sediment faunal records reflecting monsooncontrolled austral winter upwelling off the southern coast of Java 21 suggest drier conditions during HS1.
In the past decade, precisely dated records of oxygen isotope ratios (d 18 (Fig. 1) . Comparison of the 31 kyr d 18 O record of AISM rainfall for Flores with EASM rainfall in China reveals synchronous millennial-scale southward displacement of the entire Australasian monsoon system during North Atlantic cold intervals. The largest southward shift in this north-south precipitation seesaw pattern occurred during the HS1 interval (17.6 to 14.6 kyr BP). The prominence of the HS1 climatic footprint across Australasia supports the possibility that it played a key role in the sequence of events that drove the last deglaciation.
Results
Cave attributes. Liang Luar is an B1,700-m-long stream passage cave B550 m above sea level that formed in marine limestone of late Miocene age. The new stalagmite d 18 O records, and those generated for previous studies 26, 27 , come from specimens collected B500-900 m from the entrance where narrow passageways restrict airflow and maintain stable cave temperatures (B24.5°C) and high relative humidity. Mean annual rainfall at the cave site is 1,200 mm with B70% falling during the austral summer wet season (December-March), under the influence of the northwest monsoon 26 , while B30% is related to easterly trade wind-induced orographic rainfall in austral winter. The location of Liang Luar near the current southern limit of the Intertropical Convergence Zone (ITCZ) makes it ideally situated to record millennial-scale climate change in the AISM region (Fig. 1 26 shows that summer monsoon rainwater is depleted in 18 O by 6-7% compared with rainwater for the remainder of the year. This large isotopic contrast means that changes in the amount of summer rainfall, or the fraction of the year dominated by the northwest monsoon, produce a significant shift in the d 18 Fig. S9 ). Most of the available palaeoclimate records for the near-equatorial centre of the Australasian monsoon system suggest drier conditions during the LGM 30 , in contrast to our finding of wetter LGM conditions further south. Our results are consistent with marine sediment archives off South Java showing Australian-Indonesian winter monsoon upwelling at its weakest during the LGM in response to southward displacement of the ITCZ 21 . After 11 kyr BP, the Flores d 18 O record decouples from insolation forcing in response to Holocene flooding of the Sunda and Sahul shelves 26 .
Millennial-scale variability. Following the LGM, the Flores d 18 O record is punctuated by a series of abrupt millennial-scale events from 17.6 to 11.5 kyr BP (Fig. 3 ). Precise radiometric dating shows that they were synchronous, and anti-phased, with well- 26 , LR06-B3 (dark blue), and LR06-E1 (light purple) 27 are compared with summer insolation (20°S; grey) and sea level (pale green). Arrow depicts the direction of a stronger ( þ ) or weaker ( À ) AISM. 230 Th ages at the bottom of the plot are colour-coded by stalagmite (Supplementary Table S1 ). The dashed portion of the insolation curve indicates when rising sea levels 52 documented Supplementary Fig. S10 ). 19, 20, 24 , indicate that steepening of the north-south interhemispheric thermal gradient during HS1 produced a strong southward shift of the Australasian monsoon. The interhemispheric seesaw pattern of Australasian monsoon climate on millennial-scales lends support to the possibility that a protracted southward displacement of the global monsoon system during an intensely cold HS1 may have been an integral part of the sequence of events driving the last deglaciation 5 . Increasing boreal summer insolation acting on exceptionally large and unstable Northern Hemisphere ice sheets and ice-albedo feedbacks are considered to be the fundamental initiators of ice age terminations 33, 34 . During the last deglaciation, northern ice sheet recession was underway by B20-19 kyr BP 34 . The Flores d 18 O record shows a significant northward shift of the AISM around 19-18 kyr BP (Fig. 4) that may reflect warming in the North Atlantic prior to the onset of HS1 (ref. 31) . Incipient reinvigoration of the Atlantic meridional overturning circulation and the bipolar seesaw at this time is indicated by terrestrial and ocean proxies showing North Atlantic warming 31, 35 and highlatitude Southern Hemisphere cooling 3, [36] [37] [38] (Fig. 4) . The subsequent intensity and length of the HS1 interval, and southward displacement of the monsoon and southern westerly windbelts 2, [8] [9] [10] , ventilated sufficient CO 2 from deep Southern Ocean waters to produce global warming 11, 39 . The Flores d 18 O record confirms that the deglacial rise in atmospheric CO 2 stalled along with northward monsoon displacement during the warmer Bølling-Allerød interval and resumed with southward monsoon displacement during the cooler Younger Dryas. Our findings demonstrate the interhemispheric extent of millennial-scale climate change during the last deglaciation and show that the entire Australasian monsoon system responded rapidly to climate events in the northern high latitudes. The large size and climatic sensitivity of Australasia support the idea of a key role for the global monsoon in the oceanic/atmospheric set of events leading to rising atmospheric CO 2 concentrations and global warming during ice age terminations. While model-based tests are required to quantify monsoon feedbacks on global climate, our data are consistent with the view that high-latitude and low-latitude climate processes are inextricably linked. The Australasian precipitation seesaw pattern identified here may help guide the development of models to predict rainfall patterns in this critical region, which houses nearly two-thirds of the global population. Samples for dating were either small prisms cut adjacent to the stable isotope sampling transects, or splits of the powders used for stable isotope analysis. The samples varied from 2 to 10 mm in length along the central growth axis, and from 30 to 1200 mg in weight. Age-depth models were calculated for each stalagmite using the line-of-best-fit through the 230 Th ages after correction for small amounts of detrital 230 Th (Supplementary Figs S1-S5) .
Stratigraphical constraints modelling 43 Table S1 ).
Stable isotope analysis. Samples for stable isotope analysis were milled continuously at 2-10-mm intervals along grooves positioned on the central growth axis of each stalagmite, corresponding to an average of B80 years of growth (Supplementary Table S3 ). Sample powders (B200 mg) were analysed for d 18 O at the Australian National University on a Finnigan MAT-251 mass spectrometer equipped with an automated Kiel carbonate reaction device. CO 2 was liberated from the carbonate by reaction under vacuum with 105% H 3 PO 4 at 90°C, and calibrated against NBS-19 and NBS-18. The analytical precision of d 18 O measurements for aliquots of NBS-19 run in parallel with the stalagmite samples was ± 0.03% (1s, n ¼ 335. Replicate aliquots of sample powders for LR06-B3 and LR06-C6 were analysed to check for homogeneity ( Supplementary Fig. S6 ).
Equilibrium precipitation of oxygen isotopes. The most robust test of precipitation of stalagmite carbonate under oxygen isotopic equilibrium conditions is replication of contemporaneous stalagmite d 18 O records. This is because the chance of obtaining identical d 18 O records from two or more stalagmites (with unique drip water sources and CO 2 degassing histories) that are the product of disequilibrium offsets (for example, kinetic fractionation 44 ) is extremely low. The individual stalagmite d 18 O records for Liang Luar presented here and in previous studies 26, 27 agree remarkably well for most of the last 25 kyr (Fig. 2) . Another demonstration of absence of kinetic fractionation of stable isotopes in the Liang Luar stalagmites is given by the insignificant correlation between their d 18 O and d 13 C values (Supplementary Fig. S7 ).
The section of the d 18 O record for stalagmite LR06-C5 containing 22-66% aragonite between 19.4 and 17.5 kyr BP was corrected to magnesium calciteequivalent d 18 O values ( Supplementary Fig. S8 , Supplementary Tables S2 and S3) . Aragonite contents were determined by quantitative X-ray diffraction analysis. The record across the aragonitic interval was then corrected using aragonitemagnesium calcite enrichment factors of þ 0.7% for d 18 O (and þ 2.5% for d 13 C as required for Supplementary Fig. S7) (refs 45 and 46) . The carbonate structure of LR06-C5 between 19.4 and 17.5 kyr BP comprises fine laminae of primary magnesium calcite and aragonite so it is unlikely that the d 18 O signals have been affected significantly by isotope fractionation or recrystallization processes. The d 18 O records for stalagmites LR06-C5 (corrected to magnesium calcite-equivalent values) and LR06-C6 are in good agreement across their interval of overlap ( Supplementary Fig. S6) 
